Improving the validity of speech-recognition models requires an understanding of the conditions in which speech is experienced in everyday life. Listening conditions leading to a degradation of the signal -noise, competing talkers, disordered speech -have received most of the attention in that literature. But what about adverse conditions that do not alter the integrity of the signal, such as listening to speech under a nonauditory cognitive load (CL)? Drawing upon a variety of behavioral methods, this presentation investigates the effects of a concurrent attentional or mnemonic task on the relative reliance on acoustic cues and lexical knowledge during speech-perception tasks. The results show that listeners under CL downplay the contribution of acoustic detail and increase their reliance on lexical-semantic knowledge. However, greater reliance on lexical-semantic knowledge under CL is a cascaded effect of impoverished phonetic processing, not a direct consequence of CL. Ways of integrating CL into the functional architecture of existing speech-recognition models are discussed.
INTRODUCTION
In the psycholinguistic literature, the effect of cognitive load (CL) on speech perception and spoken-word recognition has received relatively little attention despite the prevalence of cognitive load in everyday life, e.g., dual-tasking. Here, we define CL as any factor placing high demands on central attentional or mnemonic capacities without creating energetic masking (Mattys & Wiget, 2011) , e.g., perceiving speech while paying attention to a visual scene.
Cognitive Load Causes a Lexical Drift
Our previous research has revealed a systematic tendency for listeners under CL to downplay the contribution of acoustic detail and increase their reliance on lexical-semantic knowledge (Mattys, Brooks, & Cooke, 2009; Mattys, Carroll, Li, & Chan, 2010) . In these studies, listeners were asked to decide which of two words, e.g., mild or mile, they heard in a phrase like /P$,OGRS6Q/, the pronunciation of which ranged from /P$,OG#RS6Q/ to /P$,O#GRS6Q/, with # denoting acoustic word-boundary cues such as glottalisation, aspiration, and lengthening. Under CL, listeners more frequently reported the word leading to the lexically acceptable segmentation solution (e.g., mild, aligning with "mild option") than the word leading to the lexically unacceptable segmentation solution (e.g., mile, leading to *"mile doption"). This pattern, which we referred to as a CL-induced "lexical drift," was observed under various types of CL: Divided attention in dichotic listening, concurrent rehearsal of words or nonwords in working memory, concurrent visual search.
What is the Locus of the Lexical Drift under CL?
The locus of the lexical drift in relation to the speech system was further explored in Mattys and Wiget (2011) , focusing on three possibilities: (1) The lexical drift is a mere reporting bias operating as a heuristic to facilitate communication. This bias takes place outside the speech system and involves no change of activation at the lexical level and no change in perceptual processes; (2) The locus of CL is the lexicon. CL enhances lexical activation, for example by reducing the activation threshold of lexical entries; (3) The locus of CL is sublexical. CL reduces attention to phonetic detail, which in turn leads to greater reliance on lexical plausibility as a compensatory response.
To further explore those options, we first replicated the lexical drift using phoneme categorization (Liberman et al., 1957) . We showed that the classic "Ganong effect," that is, the influence of lexical knowledge on phoneme categorization (Ganong, 1980) , increased when listeners performed the categorization task while simultaneously paying attention to an array of colored shapes (see Figure 1) . However, importantly, a parallel experiment also revealed that discrimination between phonemes decreased under CL (see Figure 1) . version of the visual array used as CL is shown in the CL figure. The task was to detect the presence or absence of a red square in the array. In this example, the target is present at the intersection between the second column and the fourth row. (b) Percentage of correct discrimination between adjacent syllables on the /g/-/k/ continuum averaged across the giss-kiss and the gift-kift continua. Data are from Mattys and Wiget (2011) .
The decrease in discrimination under CL suggests that the visual task distracted the listeners away from the phonetic detail of the signal, causing them to fall back on alternative sources of information-in this case, lexical knowledge. Thus, our contention is that the effect of CL on the speech system can be observed as early as at the phoneme encoding stage and that the lexical drift observed previously is largely a cascaded effect resulting from impoverished perception. In the following experiment, we further tested this hypothesis using a method known to more formally assess the distinction between perceptual discrimination and lexical activity, namely, phoneme restoration.
In a typical phoneme restoration experiment (e.g., Samuel, 1981) , a phoneme within a word is either replaced with noise or has noise added to it. The two types of stimuli are randomized and the listener's task is to decide whether each stimulus contains noise added to one of its portions or noise has replaced a portion. Samuel found that, when a comparable manipulation was applied to words and cross-spliced nonwords, discrimination between the added and replaced conditions was poorer in the word than the nonword condition. This result is often taken as an indication that lexical knowledge constrains phoneme perception, making it harder to detect whether or not the acoustic signal itself is intact in words than nonwords.
We used the restoration paradigm in this study because the discrimination between added and replaced noise provides a measure of low-level perception (the putative locus of CL) simultaneously with, yet independently from a measure of lexical activation (a locus putatively not affected directly by CL). If the lexical drift seen in previous experiments was due to impaired acoustic processing under CL rather than enhanced lexical activation per se, CL should lead to decreased discrimination between the added and replaced conditions compared to no CL, but this decrease should be of comparable magnitude in words and nonwords. In contrast, if the lexical drift was due to enhanced lexical activation, a greater lexical effect should be seen under CL, that is, discrimination between the added and replaced versions of the word stimuli should be even poorer under CL than under no CL.
In this experiment, CL was implemented using the colored grids from Mattys and Widget (2011) . However, in an attempt to distinguish between the effect of CL in general and divided attention in particular, we used five levels of CL: None (no array), 2x2 pop-out (e.g., a red square among black squares), 2x2 (a red square among black squares and red triangles), 6x6 (same as 2x2), and 10x10 (same as 2x2). If the effect of CL on speech processing is proportional to the resources required by the visual-search task, the scenarios discussed above should be progressively more pronounced with larger arrays. If the effect of CL can be reduced to a focused-vs-divided attention contrast, we should expect the greatest contrast to be between no load and all four arrays, with relatively little difference between the latter.
METHOD Participants
One hundred and forty-four native speakers of English received course credit or a small honorarium for taking part in the experiment. None of them reported a history of speech or hearing difficulties. They were randomly assigned to one of two different sets of CL conditions: No-CL, 2x2, 6x6, or No-CL, 2x2 pop-out, 10x10. For concision, all the conditions are reported in a single presentation, with the two No-CL groups averaged.
Materials
The test stimuli consisted of 60 word-nonword pairs. All pairs were 4 to 5 syllables long. In each pair, the critical phoneme was the first phoneme of the third syllable or the ambisyllabic phoneme across the second and third syllables. The phoneme was either a nasal (30 -17 /n/ and 13 /m/) or a liquid (30 -15 /l/ and 15 /r/). The word and nonword within a pair were matched for stress pattern. Their final syllable or final two syllables were identical. The phoneme preceding the critical phoneme was also matched between the word and the nonword in order to facilitate splicing (e.g., WD: perfectionist, NW: hargoctionist, with the critical phoneme underlined and the common splice italicized).
There were also 30 word-nonword filler pairs. These were included to insure that participants listened to the stimuli in their entirely rather than focusing on the third syllable. The critical phoneme, which could be any consonant or vowel, was within the first or second syllable. Words and nonwords were matched for stress pattern. The first syllable and the onset of the second syllable were matched across the word and the nonword of a pair.
The visual arrays used as CL were arrangements of black or red squares and triangles. The target was always a red square. In the 2x2 pop-out condition, the red square in the target-present condition was accompanied by three black squares or three red triangles, that is, the target differed from the distractors on a single dimension. In the target-absent condition, the four shapes were all either red triangles or black squares. In the 2x2 condition, the red square in the target-present condition was accompanied by black squares and red triangles, that is, the target differed from the distractors on two dimensions. In the target-absent condition, the four shapes were black squares and red triangles. The 6x6 and 10x10 conditions were similar to the 2x2 condition except that the arrays contained more distractors. In all conditions, the target could be anywhere in the array. The size of the array on the monitor was approximately 4x4cm (2x2 arrays), 8x8cm (6x6 arrays), and 19x19cm (10x10 arrays).
Procedure
The stimuli were recorded in a sound-treated room by a trained phonetician speaking Standard Southern British English. Prosody and pitch were matched across words and nonwords as far as possible. To create Noise-Added stimuli, signal-correlated noise was added at 0dB SNR to the critical phoneme. To create Noise-Replaced stimuli, the critical phoneme was replaced by signal-correlated noise. The average duration of a noise segment (excluding fillers) was 65 ms (range: 40-112 ms). The test stimuli were cross-spliced within a word-nonword pair to make them acoustically identical in and around the critical phoneme. The splice point was the onset of the third syllable. The common spliced portion of a pair (e.g., ctionist in the perfectionist-hargoctionist pair) came from the word recording in half the stimuli and from the nonword recording in the other half. Fillers were not cross-spliced.
Test and filler stimuli were randomized for presentation. Participants heard either the word or the nonword stimuli. In the No-CL condition, the sequence of events within a trial was the following: An added or replaced stimulus was played first. It was followed by the intact version of that same stimulus, with 1450ms between them. Approximately 500ms after the offset of the intact stimulus, an 8-point rating scale (1 to 8) was displayed horizontally on the monitor with "Not similar" next to 1 and "Very similar" next to 8. Listeners were instructed to rate the acoustic similarity between the two stimuli by pressing one of eight keys, trying to ignore the noise itself. We chose this rating procedure, developed by Samuel (1996) , because we found that it was more sensitive to the difference between the added and replaced conditions than when participants are explicitly asked to decide if the critical phoneme has been replaced or superimposed with noise. Participants had up to 20 s to respond. The next trial started 2 s after their response or at the end of the 20-s window.
In the CL conditions, the timing of events was identical, except that a visual array was displayed during the added or replaced auditory stimulus. After the similarity task, a prompt reading "No……red square? ……Yes" appeared on the monitor. Participants were asked to press the left shift key for no and the right shift key for yes. There was a 2-s interval between the response and the onset of the next trial. If there was no response, the program moved onto the next stimulus after 20 s. The experiment was always preceded by 8 practice trials.
RESULTS
Ratings were averaged for each cell of the following design: Lexicality (nonwords, words), Noise (added, replaced), and CL (none, 2x2 pop-out, 2x2, 6x6, 10x10). These can be seen in Table 1 . An effect of Noise, F(1, 422) = 430.32, p < .001, showed that the stimuli containing a phoneme with noise added were judged to be more similar to their intact counterpart than stimuli containing a phoneme replaced with noise. Thus, listeners were able to discriminate between the two types of manipulation. Noise interacted with both Lexicality, F(1, 422) = 26.31, p < .001, and CL, F(4, 422) = 3.45, p < .01: Discrimination between added and replaced was poorer in words than in nonwords, the standard detrimental effect of lexical knowledge on phoneme restoration (Samuel, 1981) , and discrimination between added and replaced was poorer when the task was performed under CL, with the decline in discrimination roughly proportional to the degree of CL (see Figure 2) . Importantly, the 3-way interaction was not significant, F(4, 422) < 1, which indicates that the lexically-driven reduction in discrimination was not affected by the presence or level of CL. As a further check of this point, we also examined this 3-way interaction for each combination of two levels of CL (e.g., No-CL vs 2x2 pop-out, No-CL vs 2x2, etc.). None of the 10 3-way interactions reached p < .20.
Of lesser relevance, the main effect of CL was not significant, F(4, 422) < 1, but there was a main effect of Lexicality, F(1, 422) = 8.17, p < .005, showing that listeners' intactness ratings were higher in the nonword than the word conditions. Lexicality and CL did not interact, F(4, 422) < 1. Performance on the visual task reached 96%, 95%, 88%, and 68% in the 2x2 pop-out, 2x2, 6x6, and 10x10 conditions, respectively. The four conditions significantly differed from each other, except for the 2x2 pop-out and 2x2 conditions. Noise and Lexicality did not have an effect on performance or contribute to any interactions. 
DISCUSSION
Few studies in the spoken-word recognition literature have considered the effect of cognitive load (CL) on speech perception and recognition. Some of our recent data suggest that CL leads to greater reliance on lexical knowledge (CL-induced lexical drift), but also to an impoverishment in listeners' ability to process acoustic detail in the sensory input. Whether or not the lexical drift is simply the cascaded effect of impoverished perceptual processes under CL was the main question for this study. Our phoneme-restoration data show that CL impairs listeners' capacity to discriminate phonemes that have been replaced by noise from phonemes that have had noise added to them, but, critically, CL did not significantly increase reliance on lexical information per se, as the size of the lexical effect on phoneme restoration was comparable across all levels of CL. Thus, relying on the phoneme restoration paradigm and its capacity to assess perceptual and lexical processes independently, we showed that the locus of CL in the speech system is primarily perceptual. This conclusion should be interpreted with caution, however. Indeed, although not significant, the pattern of results depicted in Figure 2 showed a noticeable numeric difference in the size of the lexical effect in the No-CL condition compared to all the other CL conditions. This could indicate that perceiving acoustic detail within words is somewhat more sensitive to divided attention than perceiving acoustic detail within nonwords -but with no extra cost for additional processing demands in the secondary task (the size of the lexical effect was relatively unchanged across the four degrees of CL). Thus an effect of CL on lexical activation itself cannot be entirely ruled out at this stage.
Independent of whether lexical activation in the restoration paradigm is completely impervious to CL or only partly so, it is clear from our data that sensory discrimination is affected not only by whether or not attention is focused or divided, but also by the level of difficulty required by the secondary task. This graded effect could conceivably be related to the amount of time attention is engaged in the secondary task. On the assumption that a visual target can be detected more quickly in a small than a large array, attention could be redirected to the speech signal earlier in the former than the latter, a difference that would be all the more critical here, because the manipulated phonemes came relatively late in the test stimuli. Further research is needed to determine whether the level of difficulty in the secondary task has a unique effect on speech processing over and above the time it takes to perform the secondary task.
As for the mechanism responsible for the CL-induced reduction in perceptual processes, several questions will need to be answered in future research. First, is the effect due to a change in the depth/complexity of acoustic processing or to a reduction in the sampling rate of the acoustic information? In the former, CL could act as a regulator of signal-to-noise ratio leading to a re-prioritization of perceptual cues (e.g., Gordon, Eberhardt, & Rueckl, 1993) . In the latter, cognitive load would disrupt the intake of speech samples, causing samples to be "skipped" while attention is directed to the secondary task (e.g., Casini, Burle, & Nguyen, 2009) . Second, how early in the speech-perception system is CL having an effect? Does CL change low-level hearing mechanisms (sub-cortically, e.g., Rinne et al., 2008) or does it only affect the output of such mechanisms (cortically, e.g., Rinne et al., 2007) ? These questions are being addressed in ongoing research.
